experimentally [6, 7] that tapering the sensitivity profile of the antenna reduces these troublesome vibration noises considerably. The tapering involves arranging that the sensitivity of the antenna to an incident signal is maximum in the mid-section of the antenna's total length and goes smoothly from the maximum to zero at each end. It is analogous to tapering the aperture illumination of a more conventional antenna to reduce its sidelobes and thereby also reduce the noise coming from off-axis sources.
The antenna sensitivity as a function of position along the antenna (also known as the sensitivity profile of the antenna) can be tapered by varying the area of the core enclosed by the winding, by varying the permeability of the core, and by varying the turns density of the signal winding (or any combination of these). The first two methods were used in combination in an early design of the antenna [8] , but proved difficult to control.
The last-turns tapering-was used in the latest and, so far, most successful, design [6, 7] . However, the machine used to apply the signal winding, a conventional cable manufacturer's concentric tapering machine, was equipped to wind only a uniform turns density. The tapered turns density was achieved, therefore, by using a stepped approximation to a smoothly sloping turns density. Unfortunately, the discontinuities in turns density at each step turned out to be the main source of motion-induced noise in the antenna. This could be reduced further by using many more much smaller steps in the approximation. An alternative which is more convenient in the long run is to modify the machine to wind a smoothly-varying turns density, preferably pre-programmed.
The next section describes the modifications made to the machine to give it this capability, and the following one presents the results of a test winding made after the modifications.
It should be noted that another method of tapering the sensitivity profile has been proposed-that of capacitive tapering. A theoretical study [9] concludes that it is a practical method having the advantage over the others that it requires no non-uniform fabrication steps. However, it has yet to be tested experimentally.
II. Machine Modification
An overall view of the taping machine is shown in Fig. 1 maintains tension in the wound core, thereby preventing slippage on the capstan, by being driven with a constant torque.
Before modification, the machine was driven by a single motor which was coupled to the capstan via reduction gearing and to the taping head via an adjustable ratio Reeves drive mechanism. Figure 2 is a sketch of the premodification essentials. It was possible to reset the Reeves drive manually while the machine was running, but the range (about 9 to 1) of the Reeves drive was insufficient to encompass the whole range of turns density required for the antenna winding (about 11 to 1). It was necessary, therefore, to stop the machine at some point, change a sprocket in the capstan reduction gear, reset the Reeves drive and then restart the machine again to finish off the whole tapered length at each end of the antenna.
The purpose of the modification, therefore, was to effect a continuous automatic speed ratio variation according to some pre-set program, and to do so over a large enough range that the whole antenna could be completed without stopping the machine.
The sketch of the post-modification essentials given in Fig. 3 shows how it was done. Basically, the capstan and taping head are now driven by separate motors. The capstan motor has a manual speed adjustment which determines the speed at which the core is pulled through the machine. The taping head motor is driven, via an amplifier, by an error voltage proportional to the angular difference in position between one shaft coupled directly to the capstan and another coupled to the taping head. This feedback loop effectively forces the speed of the taping head to be a predetermined multiple of the However, the shaft driven by the taping head is coupled to it via a variable ratio ball and disc drive whose gear ratio is controlled by a preset ratio controller driven by the capstan. Thus as the capstan turns, pulling the core through the machine, it also drives the ratio controller through its preset program which in turn guides the ball and disc drive through the required gear ratio program. As the gear ratio decreases, the taping head motor must run faster and faster to keep to two input shafts of the angle comparator running at equal speeds. In this way the turns density of the winding at any particular point along the core is pre-determined by the ratio controller.
The Reeves drive is retained in the modified machine, although it is no longer used for varying the turns density during the winding operation. It is normally set at the fixed gear ratio of 1:1, in which case the range of the machine is from 3 turns/inch to 33 turns/inch. By resetting the Reeves drive, however, this 1:33 range can be arranged to start anywhere between about 1 turn/inch and 9 turns/inch.
The ratio controller is an assembly of the four components shown in 
III. Machine Operation
After some preliminary readjustments of gain, gear alignment and feedback filtering, the machine was ready for a trial run. For demonstration purposes, it was judged to be unnecessary to wind a full length (1000 ft.)
coil. Accordingly, the gearing between the capstan and the multi-turn potentiometer of the ratio controller was set to sweep the potentiometer through its whole range while only 100 ft. of core passed through the machine. The Fig. 9 . Sensitivity profile of the 90-ft. version of the latest Lincoln antenna design [6] . Fig. 9 is the sensitivity profile of the 90 ft.
Shown for comparison in
tapered profile version of the previous Lincoln antenna design [6] . It is readily apparent that the new winding method produces a turns-density profile which eliminates the step discontinuities of the previous method and, in addition, is much smoother than its core permeability profile.
Another comparison of the smoothness is given in Fig. 10 , which shows, in expanded scale, a section of turns density profile produced by the modified machine together with a section of the core permeability profile of the latest Lincoln antenna design [6] , The two curves show clearly that the turns density variation produced by the modified machine would add a negligible amount to the total profile roughness. The core permeability variation would remain the dominant source of profile roughness even if it were reduced considerably.
IV. Conclusions
The modifications made to a conventional cable manufacturer's concentric taping machine give it the ability to wind a long coil with an arbitrary pre-programmed turns density variation. The control is precise enough for the modified machine to be of value in attaining the smoothly varying turns density required for the signal winding of a towed ELF loop antenna.
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